Purpose: To correlate visual field sensitivity (VFS) loss on standard automated perimetry (SAP) and quadrantic macular thickness on optical coherence tomography (OCT) in patients with permanent temporal hemianopia from chiasmal compression. Methods: Forty eyes from 40 patients with chiasmal compression and 40 healthy eyes were submitted to standard automated perimetry and Stratus-OCT scanning. Raw data of the fast macular thickness scanning protocol were exported and macular thickness measurements were recorded and averaged for each quadrant and half of the central area. The correlation between visual field sensitivity loss and optical coherence tomography measurements was tested with Pearson's correlation coefficients and with linear regression analysis. Results: A significant association was found between each macular thickness parameter and the corresponding central VF mean sensitivity. The strongest association was observed between superonasal macular thickness and the inferotemporal mean defect measured both in decibel (R=0.47; p=0.001) and in 1/Lambert (R=0.59; p<0.0001) units. Conclusion: Stratus-OCT-measured macular thickness was topographically related with visual field sensitivity loss in patients with temporal hemianopia from chiasmal compression. Such measurements could prove clinically useful in the diagnosis and follow-up of patients with chiasmal compression. ClinicalTrial.gov identifier number: NCT0039122.
related peripapillary RNFL thickness with VF loss measured on standard automated perimetry (SAP).
The pattern of the neuronal damage in chiasmal compression represents an important model for studies assessing instruments for the measurement of retinal structures and provides information for the investigation of structure-function relationships in non-glaucomatous optic neuropathies. In patients with longstanding extensive mid-chiasmal lesions the crossed nerve fibers are lost with preservation of the uncrossed nerve fibers, which originate in the temporal hemiretina and penetrate the optic nerve through the superior and inferior arcuate fiber bundles. Thus, RNFL loss occurs predominantly on the nasal and temporal side of the optic disc, a pattern identified on ophthalmoscopy as band atrophy (BA) of the optic nerve (8) . Distinctive changes may also be observed in the RGC layer, with severe loss occurring in the hemiretina nasally to the macula and relative preservation on the temporal side. Using optical coherence tomography (OCT), we and others were able to document both RNFL loss around the nerve and RGC loss in the nasal hemiretina of eyes with this pattern of neuronal loss (9) (10) (11) (12) (13) .
INTRODUCTION

S
tudies evaluating the relationship between visual function and the extent of axonal loss using retinal nerve fiber layer (RNFL) and macular thickness measurements are for the important diagnosis and monitoring of anterior visual pathway diseases. A spatial correspondence between retinal ganglion cell (RGC) loss and visual field (VF) defect in patients with glaucoma has been reported by several authors (1) (2) (3) (4) . However, only a few studies evaluated structure-function relationship in optic neuropathies other than glaucoma (5) (6) (7) . Most of them have cor- one with less than 33% fixation losses, false-positive and false negative responses. Patients with clinical signs of glaucoma or optic disc anomaly were excluded. Patients with BA of the optic nerve had complete or partial temporal hemianopia on Humphrey perimetry, and a nasal hemifield within normal limits on both tests. Only one eye of each patient was selected for analysis. For the patients in whom both eyes fulfilled the inclusion criteria, 1 eye was randomly selected for analysis. On SAP, 18 eyes had complete temporal hemianopia; 12 had a defect of approximately 1 quadrant; 10 had a defect involving less than 1 quadrant of VF. The mean Humphrey VF mean deviation (MD) for the BA patients was -9.03 ± 5.09 (range, -1.09 to -15.98) and for normal control individuals was -2.71 ± 1.24 (range, 0.94 to -4.99; P<0.0001).
The extent of VFS loss was calculated by analyzing the deviation from the normal in the total deviation plot corresponding to the 16 central points of the VF, an area roughly equivalent to the area covered by OCT macular scans. The values of the total deviation plot of the SAP 24-2 test covering these 16 test points (18º x 18º) were calculated for each quadrant (superotemporal, inferotemporal, superonasal and inferonasal) and for each hemifield (central nasal and central temporal). Thus, each quadrant represented the average deviation of 4 VF test points, and each hemifield the average deviation of 8 VF test points (Figure 1 ). Deviation from normal in the total deviation plot at each test location was measured in decibels. Unlogged 1/Lambert (1/L) values were calculated for each test location by dividing decibel readings by 10 and then unlogging the quotient.
Subjects underwent ocular imaging with dilated pupil using a commercially available OCT (Stratus OCT, Carl Zeiss Meditec Inc., Dublin, CA). The fast macular thickness scan was used to obtain macular thickness measurements with OCT. Stratus OCT measurements of the macula were generated from 6 consecutive linear scans, 6 mm in length, in a spoke-like radial configuration each line 30 degrees apart and centered on the fovea (Figure 1) .
Raw data files of fast macular mapping OCT images (six 6-mm radial linear scans) were exported to a removable disk using the export feature of the Stratus OCT software (version 4.0). For this study, four diagonal scans (scan # 2, 3, 5 and 6; Figure 1 ) and one horizontal scan (scan # 4; Figure 1 ) were used to calculate macular thickness. Because the inner retinal layers are absent in the fovea, in each scan the 20 centrally located A-scan points corresponding to the fovea were excluded. The vertical scan (scan # 1) was not analyzed because it would provide no data directly corresponding to the nasal and temporal retina.
Macular thickness may provide important structural parameters to correlate with visual field sensitivity (VFS) loss in patients with anterior optic pathway diseases. Since the ganglion cell layer and its axons account for up to 35% of the thickness in the macular area (14) , estimates of macular thickness can be used to investigate possible RGC loss. In previous studies, we showed good correlation between macular thickness in the nasal retina and VFS loss estimated from the temporal mean defect in patients with long-standing chiasmal loss, although we measured the macula according to a circular map with values presented in sectors that did not respect the vertical meridian (11, 15) . Therefore, the relationship between VFS loss and macular thickness measurements could not be evaluated in different quadrants as would be desirable for evaluating structure-function relationship in patients with chiasmal syndrome. Although the equipment output refers to a circular area, it is possible to obtain quadrantic measurements by analyzing the raw data from the individual scans of the fast OCT macular thickness protocol. Thus, the purpose of this study was (1) to evaluate the ability of quadrantic macular thickness measurements based on raw Stratus-OCT data to detect neuronal damage and (2) to assess the correlation between such measurements and SAP-measured VFS in eyes with temporal field defect and BA of the optic nerve.
METHODS
This was an observational, prospective cross-sectional study that followed the principles of the Declaration of Helsinki. Approval from the Institutional Review Board Ethics Committee was obtained and all participants gave their informed consent.
Forty eyes from 40 patients (20 male) with temporal hemianopia and 40 eyes from 40 (20 male) normal age-matched controls were studied. The mean ± standard deviation age was 43.75 ± 12.4 years in BA group, and 43.97 ± 11.9 years in control group (P=0.93, Student's t test). All patients with history of chiasmal lesions had been submitted to previous treatment of the suprasellar lesion and had stable VF defects and visual acuity (VA) for at least 1 year prior to study entry. Subjects underwent SAP using the full threshold 24-2 test of the Humphrey Field Analyzer (Carl-Zeiss Meditec, Dublin, CA). VF and OCT examinations were performed within a maximum period of 1 week. The inclusion criteria for the study were best corrected VA of 20/30 or better in the study eye; spherical refraction within ± 5 D and cylinder refraction within ± 4 D; intraocular pressure <22 mmHg; and reliable VF, defined as Average thickness was calculated for the inferonasal, superonasal, inferotemporal and superotemporal quadrants by joining two half scans and averaging values from each test point within the respective quadrants. A total of 108 A-scan points per quadrant were averaged. To calculate the average thickness of the nasal and temporal hemiretinas, the horizontal scan was weighted-averaged with measures from the corresponding quadrants (inferonasal and superonsal quadrants for the nasal hemiretina; the superotemporal and inferotemporal quadrants for temporal hemiretina).
Macular thickness parameters measurements from patients with BA and normal controls were compared using Student's t test. Pearson's correlation coefficient (r) was used to evaluate the strength of relationship between the macular thickness parameters and corresponding VFS loss. Subsequently, the relationship between OCT-measured macular thickness and VF sensitivity loss was described with linear regression analysis. VF data were treated as dependent variables and FD-OCT measurements as independent variables in all regressions. To evaluate the dependence between variables from a same patient and to provide valid statistical inferences, intraclass correlation coefficient (ICC) was performed (16) . Values of ICC lower than 0.3 were considered as a weak association (17) . P values of less than 0.05 were considered statistically significant.
RESULTS
A total of 40 eyes with temporal hemianopia and 40 control eyes were studied. Thirty-three patients had pituitary adenoma, four had craniopharyngioma and three had parasellar meningioma. Table 1 shows the deviation from normal values in each quadrant and hemifield of the 16 central VF points both in dB and 1/L scale in eyes with BA. The greatest loss of sensitivity measured in dB was observed in the superotemporal quadrant. When expressed in the 1/L scale, the inferotemporal quadrant was the most severely depressed.
The mean (SD) macular thickness in the nasal hemiretina was 231. 23 Table 2 shows the relationship between quadrantic and hemifield macular thickness parameters and the corresponding VF sensitivity loss. The highest Pearson's coefficient was found between superonasal macular thickness and inferotemporal VFS loss, in both dB and in the 1/L (R=0.48 and R=0.59, respectively). Figure 2 shows the results from the linear regression analysis of the best-performing macular thickness measurements and VFS loss based on the 16 central points of the VF in dB and in 1/L units. Structure-function correlation was generally greater when VFS loss was assessed in 1/L units ( Figure 2) . Thus, the greatest sectoral R 2 was observed between inferotemporal quadrant VFS loss and superonasal quadrant macular thickness (R 2 =35%, p<0.001), followed by the correlation between the temporal hemifield VFS loss and the nasal hemiretina macular thickness (R 2 =23%, p<0.001) and between the superotemporal quadrant VFS loss and the inferonasal quadrant macular thickness (R 2 =10%, p<0.001). When VFS loss was measured in dB, the correlation values for the corresponding parameters were 23% (p<0.001); 16% (p<0.001) and 10% (p<0.001) (Figure 2 ).
DISCUSSION
Since Zeimer et al. (14) proposed to use macular thickness as an indicator of glaucoma severity, several studies have investigated this idea using technologies to measure retinal thickness such as OCT (18) (19) (20) (21) (22) (23) (24) . Such studies were conducted based on the theory that the macular thickness might be superior to circumpapillary RNFL for quantification of axonal loss, because retinal ganglion cell bodies are 10 to 20 times the diameter of their axons and because the retinal ganglion cell layer is more than one cell thick in the macula (25) . However, despite the confirmation that macular thickness is in fact reduced in patients with glaucoma, several studies have reported circumpapillary RNFL thickness to be a more sensitive detector of glaucoma than macular thickness (19, 23, (26) (27) . This may in part be due to limitations inherent in the OCT software which is restricted to analyzing macular data for the entire retina, leading to reduced specificity. In this context, it should be recalled that glaucoma and other optic neuropathies affect only the inner retinal layers whereas the outer layers merely increase measurement variability (28) . On the other hand, technological improve- ments in image resolution have made segmentation and measurement of individual retinal layers possible improving the reliability of macular thickness measurements when compared to RNFL thickness measurements for detecting axonal loss in glaucoma (25, 28) . In the present study, macular thickness parameters were confirmed to be significantly lower in eyes with BA of the optic nerve than in healthy control eyes (11) (Table 1) . However, more than evaluating the ability of Stratus-OCT measurements to identify eyes with BA, we assessed the correlation between such measurements and SAP-measured VFS loss in eyes with temporal field defect and BA of the optic nerve by analyzing macular thickness measurements in quadrants. These findings support the structure-function correlation in patients with chiasmal compression, as opposed to structure-function relationship using VFS loss and RNFL thickness estimates. The rationale for expecting a better potential for structure-function relationship with macular parameters and VF sensitivity loss when compared to the RNFL thickness measurements is because of the anatomical disposition of the RNFL on the disc. With the exception of the nasal area of the disc, all other sectors receive retinal nerve fibers from both nasal and temporal hemiretina. The result is a lack of specificity between VF loss and optic disc sectors in patients with lesions of the optic chiasm. For example, when a VF defect affecting the superotemporal quadrant is present, it results in RNFL loss in the nasal, temporal and inferior regions of the optic disc. Since the inferior region of the optic disc also receives nerve fibers from the unaffected nasal VF, there is presumably a lack of specificity in the structure-function relationship. On the other hand, with macular thickness measurements, a superotemporal VF defect may be related to reduced macular thickness below and nasally to the fovea, with direct correspondence to the quadrantic VF defect.
Although the macula remained unsegmented in our study, macular thickness measurements were found to be as capable of discriminating eyes with BA of the optic nerve as RNFL thickness measurements were in previous studies. Considering the fact that the radial scans used to obtain macular thickness parameters were not ideally designed to evaluate the macula in quadrants and that we did not use the SAP 10-2 test strategy (which would more closely match the area covered by the 6-mm scans of the Stratus-OCT scanning protocol), our results offer promising perspectives for macular thickness measurements as a quantifier of neuronal loss in anterior visual pathway diseases. More advanced scanners using Fourier-domain OCT are likely to make OCT macular scans even more useful by obtaining thickness data in different quadrants. Our study indicated a significant structure-function correlation when assessed using the linear model evaluated by Pearson's correlation coefficients, especially when VFS loss was expressed in 1/L. These findings are similar to those of previous studies on glaucoma (3, 29) and other neuro-ophthalmic conditions (5) (6) , suggesting the existence of a possible linear correlation between visual loss and axonal damage. In our study, although all quadrantic measurements in BA eyes differed significantly from normals, the best structurefunction correlation was found between the superonasal macular thickness and inferotemporal VFS, and not between inferonasal thickness and the superotemporal VFS, the correlation which was smaller than expected. One possible explanation for this is that the VF defect was much more severe in the superior temporal quadrant than in any other segment of the VF. Thus, in the studied sample, the superior temporal VF quadrant was significantly more affected than the inferior temporal VF quadrant (p<0.01, Student t test, Table 1 ). Previous studies (30) (31) have demonstrated that the structure-function relationship between RNFL thickness and VF sensitivity loss is weaker when VF defects are greater than -10 dB and almost non-existent when VF defects exceed -20 dB. We believe this may explain why the correlation observed between inferonasal macular thickness measurements and VFS loss in the superotemporal quadrant is poorer than that between superonasal macular thickness and VFS loss in the inferonasal quadrant.
CONCLUSION
In this study, Stratus-OCT macular thickness measurements divided in quadrants correlated strongly with VFS loss in eyes with temporal VF defect from chiasmal lesions. Although further studies are necessary to confirm our data, our findings suggest that macular thickness measurements may be useful for estimating structure-function relationship in patients with band atrophy of the optic nerve from chiasmal compression.
